To study the role of food in Cu accumulation by bivalves, algae spiked with Cu can be used. With spiked algae, however, redistribution of Cu between the dissolved and the particulate phase hampers the assessment of the contribution of food. This occurred in efforts to label algae with the radiotracer 64Cu. A method was designed to overcome this problem of redistribution. By adding excess EDTA to seawater, the biological availability of dissolved Cu was minimized. The effectiveness of complexation by EDTA was controlled through adsorption on Macoma balthica shells and uptake in M. balthica tissue.
Introduction
The assessment of the contribution of different uptake pathways to the overall metal accumulation in aquatic organisms has been proven to be relatively difficult. Because of their feeding behaviour, they can be directly exposed to metals in the waterphase, as well as to foodassociated metals. For bivalves, some information is available on Cd accumulation via food (Borchardt 1985 , RiisgSrd et al. 1987 . On Cu accumulation, however, very little is known. An obvious reason for the scarcity of Cu data is the problem of assessing the bioavailability of different Cu species: when Cu-contaminated particles are placed in clean water, a solute-solid equilibrium will be established. The distribution of Cu between the dissolved and particulate phase depends among other things on the ligand concentration in the solution (Cu complexing capacity) (Zamuda and Sunda 1982, Gerringa et al. 1991) . From the dissolved species, the free ionic form is considered the best biologically available (Crecelius et al. 1982 , Zamuda and Sunda 1982 , Sundra et al. 1984 . The complex chemistry of Cu makes it difficult to assess the contribution of a particular species to the overall accuCommunication number 644 of the Centre for Estuarine and Coastal Ecology, Yerseke, The Netherlands mulation. The objective of the present study was to design a method that would make it possible to study the dissolved and particulate Cu uptake route separately. To this end, we labelled algae with the radiotracer 64Cu and used ethylenediaminetetraacetate (EDTA) to minimize the biological availability of dissolved 64Cu. The effectiveness of EDTA complexation was assessed in adsorption and uptake experiments with the bivalve Macoma balthica.
Materials and methods
64Cu preparation and measurement 64Cn was obtained by irradiating 3mg copper wire (99.99%; Ventron, Karlsruhe) for 24 h in the nuclear reactor of the Interfaculty Reactor Institute of the University of Technology, Delft, The Netherlands [the so-called Hoger Onderwijs Reactor (HOR); neutron flux = 1012 to 10 la cm-2 s-1], Radioactivity of the wire after 24 h was 125 mega becquerels (MBq) mg-t. The irradiated wire was dissolved in 25 gl concentrated nitric acid and diluted in 50 mM Na-acetate buffer (pH 5.6). The final Cu 2 + concentration in the stock solution was 1 mg ml-1. The isotope has a half-life of 12.8 h. By preparing this stock solution just before starting the experiment, we were able to perform measurements for at least 4 d. The starting activity of a 30 nM Cu solution, spiked with 64Cu, was about 900 cpm (counts per minute)ml-1. As a simplification, Cu solutions spiked with 64Cu are further referred to as 64Cu solutions. 64Cu accumulation in Macoma balthica (collected from the Oosterschelde sea arm in November 1991) was followed by measuring radioactivity of dissected shells and tissue, or living individuals (whole bodies). To facilitate accurate dissecting after exposure, the individuals were quickly frozen and subsequently separated into shells and tissue. Samples (water, labelled algae, or M. balthica) were counted with the help of a NaI detector. Counting time was maximally l0 min; counting error was <5%. Corrections were made for background radioactivity, 64Cu decay, and shell size. The diatom Phaeodactylum trieornutum was spiked with 64Cu. This Cu-tolerant diatom species is often used as a food source for bivalves in experimental situations, It is able to continue to grow at Cu concentrations up to 8 ~M. Other reports also mention a relatively high survival and growth of P. tricornutum under Cu stress, compared with other phytoplankton species (Bentley-Mowat and Reid 1977) . Strains from a batch culture in the late exponential phase (reared in outdoor tanks in enriched filtered seawater) were concentrated using a tangential flow membrane filtration system (Millipore). Further, they were resuspended in 2-1itre polyethylene beakers in 0.45 tam membrane filtered seawater (FSW, salinity= 34 g kg-i). The water contained 0.79 or 7.9 p~M 64Cu. The algae were allowed to grow for 24 to 48 h at room temperature under continuous Tube Light (Philips, 40 W, colour no. 33). The algal culture was stirred gently with a magnetic stirrer.
After the uptake period, the 64Cu-labelled algae were concentrated by tangential flow flux and additional centrifuging for 10 rain at 2000 g. The algae were resuspended in a 5 laM EDTA solution in FSW in 50-ml centrifuge tubes to remove the loosely bound 64Cu. After a rinsing period in the EDTA solution, varying between 1 and 24 h, the algae were centrifuged and rinsed for 30 min in FSW Concentrations of 64Cu in the water and in the algae were measured by pipetting 5 ml suspension on a 0.45-~un filter (Nuclepore). Four ml of the filtrate were counted simultaneously with a 5-ml unfiltered sample. After volume correction of the samples, the difference in counts between the filtered and unfiltered sample, was considered to be the amount of 64Cu that was adsorbed on the algae. A comparable method to assess radionuclide adsorption to algae was described by Fisher et al. (1983) . A correction of 2% was made for 6~Cu retention by the filter from spiked water without algae. After centrifuging, the concentrated algae were resuspended in 1.5-1itre volumes.
These spiking experiments were carried out to study the uptake and adsorption by Phaeodaetylum trieornutum. The duration of the spiking period and the intensity of rinsing were varied in order to obtain the highest possible 64Cu load and as little loss as possible of 64Cu from the algae during resuspension in clean water.
Complexation of 64Cu by EDTA (Expt 2)
As the labelled algae were leaking 64Cu when resuspended in 64Cu-free FSW, this could seriously influence the outcome of uptake experiments with bivalves. By adding EDTA to the seawater, the biological availability of dissolved 64Cu should be minimized. In several studies, EDTA has been shown to reduce the accumulation and toxicity of Cu, indicating that the EDTA-Cu complex is less biologically available than the free Cu (Stephenson and Taylor 1975 , Cheng 1979 , Sundra et al. 1984 .
The effectiveness of EDTA-complexation was examined by measuring adsorption processes on separate Macoma balthica shells. Adsorption into shells was used as a measure for the amount of "free" Cu.
The theoretical concentrations of free and complexed Cu and EDTA were calculated with the chemical equilibrium program SOILCHEM (Sposito and Cobes 1988) .
In a 1.5-1itre volume of filtered seawater with 64Cu and EDTA (Merck, Titriplex III p.a.), shells were allowed to adsorb 64Cu for a period of 48 h. At regular time intervals, the shells were taken from the medium and rinsed in FSW for a few seconds. The shells were transferred to glass vials and immediately counted. Adsorption kinetics were followed by measuring 6~Cu activity in four different situations: in the first, 64Cu (31 riM) and EDTA (2.7 gM) were introduced together with Maeoma balthica shells in the seawater. In the second, the shells were introduced 20 h after the introduction of 64Cu (31 nM) and EDTA (2.7 gM). In the third, adsorption of 31 nM 64Cu without EDTA was measured. In the fourth situation, 64Cu (310 nM) and EDTA (2.7 gM) were mixed together before they were introduced with the shells in the seawater.
In a further experiment, 64Cu adsorption on shells and accumulation in tissue of living Macoma balthiea in the presence of excess EDTA (270 gM) was studied. For this, clams (I 1 to 14 ram) were taken from a stock which was held in coarse dune sand, receiving unfiltered flowing seawater at the Oosterschelde field station (Tidal Water Division, Middelburg). For the experiment, the individuals were held in polyethylene acid washed beakers, 7 cm from the bottom on a net, tightened between a polyvinyl chloride ring. Water was gently stirred with a magnetic stirrer. The individuals were allowed to acclimatize to the laboratory conditions for 3 d. Temperature was held constant at 6 ~ Results 64Cu uptake by photoplankton (Expt 1)
In Fig. 1 A a typical example of the adsorption of 64Cu on Phaeodactylum tricornutum is given. The high concentration on the algae in the first measurement (after a few minutes) showed that very fast uptake occurred immediately after the introduction of 64Cu. After this initial high uptake, the concentration on the algae increased slowly. Within 3.45 h, average adsorption into the algae was 3270 _+ 870 cpm ml-i. During the following 24 h, adsorption increased to 6290 + 960. Initial concentration in the water was 35 990___ 870 cpm ml-1. After 28 h, the concentration was 29 900+ 1710 cpm. At this time, 17.5% of the initial activity in the water was adsorbed into the algae. Refreshing the seawater after 1 d (Fig. 1 B) did not result in an increased concentration in the algae, although the dissolved ~ concentration in the water was elevated. The reason for this was a considerable loss of algae during the refreshing procedure (note the logscale!).
The algae, as treated in Fig. 1 A, were centrifuged after 28 h, washed with EDTA and FSW and resuspended in 64Cu-free FSW The decrease of total 6~Cu associated with algae in Fig. 1 A was due to the loss of algae during centrifugation and the loss of loosely adsorbed 64Cu. After the resuspension in 64Cu-free FSW, the algae lost 64Cu immediately, with a resulting higher 64Cu concentration in the water than in the algae. This effect was shown in all spiking treatments, irrespective of the duration of the washing periods with EDTA and seawater. In our experiments, however, leaking of tracer to the dissolved phase was not desirable, as the ultimate goal was to separate the two pathways of tracer uptake. Because redistribution of 64Cn in the system could not be prevented, EDTA was used as a complexing agent to prevent leached 64Cu from being taken up by bivalves, feeding on the algae.
In Fig. 2A , the adsorption of 64Cu onto shells introduced together with 64Cu and EDTA addition, is presented. The sorption process on the shell was comparable with a situation without EDTA (Fig. 2 B) . Measurements after 20 h indicated no further adsorption on the shell, suggesting an equilibrium situation. The 64Cu concentration in the water had decreased considerably as a result of adsorption to the wall and the shells. The decrease was described best with an exponential curve and amounted to 55% of the original concentration after 24 h.
If shells were introduced after equilibrium of the seawater with 64Cu and EDTA for at least 20 h, sorption (A) Accumulation and elimination of 6*Cu by P. tricornutum. Accumulation period was 28 h. At t-28 h, the algae were concentrated and resuspended in 64Cu-free filtered seawater. 64Cu in seawater Q,); 64Cu in algae (n). (B) Accumulation of 64Cu by P. tricornutum. Accumulation period was 72 h. At t = 28 h, the algae were concentrated and resuspended in a fresh 64Cu solution. 64Cu in seawater (zx); 64Cu in algae (n) occurred at a very low rate. This indicated that in this situation, 64Cu was complexed by EDTA for the most part (Fig. 2 A) .
Mixing 64Cu (310 nM) and EDTA together before introduction in the seawater resulted in a lower sorption rate (Fig. 2C) . This effect was demonstrated at a 31 as well as at a 310 nM 64Cu solution. Shells that were introduced after 24 h now showed a low adsorption rate, indicating that the concentration of uncomplexed 64Cu had remained relatively constant during this period.
From these experiments it could be concluded that adding EDTA was effective, but only after at least 20 h equilibration time, or when EDTA and 64Cu were mixed before being added. However, in a feeding experiment, 20 h equilibration would take too long. Moreover, mixing of 64Cu and EDTA in advance was not possible, as the 64Cu was being released from the algae during the experiment. Immediate complexation by EDTA was desirable. Therefore, the sorption kinetics experiments were repeated with an EDTA concentration 100 times higher (Fig. 3 A) .
In this situation, sorption onto shells was reduced to less than 0.5% compared with the situation without EDTA. Uptake by Macoma balthica appeared to be reduced to about 1% of the uptake without EDTA (Fig. 3 B) . In the situation without EDTA, shell adsorption was at least three times higher than tissue uptake.
Discussion and conclusion
With the algal spiking procedure, the problem of 6ecu leaking from the labelled algae occurred, irrespective of any algal washing period (Expt 1). Gutknecht (1963) EDTA complex is higher than the other complexes, Cu will ultimately displace the other cations. The displacement by Cu takes hours (Morel et al. 1979) , whereas the figures, computed with SOILCHEM, have an equilibrium situation as a starting point. Fortunately, an excess amount of EDTA came up to our expectations. No direct harmful effects of this excess EDTA on the algae were expected, as the free concentration of major ions like calcium was hardly influenced (Table 1) . However, it remains doubtful whether algae are able to grow further with this amount of EDTA, because essential elements like Zn, Fe and Mn are complexed for more than 99%.
In conclusion, the aim of the present study was to design an experimental setup that would make it possible to measure uptake of particulate Cu without the interference of dissolved Cu. In conventional experiments with spiked algae (or any other food source), redistribution of Cu takes place, complicating the assessment of a separate route to the overall Cu uptake. The tendency of dissolved Cu to form strong EDTA complexes that are hardly biologically available makes it possible to separate the uptake routes. Because the complexation of Cu by EDTA is a slow process in seawater, it is necessary to use an excess amount of EDTA. By minimizing the uptake of dissolved 64Cu through complexation, it is possible to study the uptake of 64Cu associated with algae by aquatic organisms that feed on the algae. Details on uptake experiments with 64Cu-labelled algae are described in a second communication (Absil et al. 1994) .
